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ABSTRACT

Results are presented of a study of the Irregular horizontal and

vertical winds observed from chemical clouds released on 16-19 November

1966 from Yuma, Arizona; on 17 November 1965 from Barbados, West

Indies; and on 17 May 1963 from Eglin Air Force Base, Florida. The

vertical wind data showed that vertical motion does not occur in such

a way that as cloud points move up or down they would tend to alter

their horizontal motion so as to adjust to the mean wind profile.

It was found, however, that the horizontal wind profiles tended to

change with time in such a way that the aititudes of constant speed

would shift up or down in a similar manner to the vertical movements

of cloud points. The altitude variations of constant speed points

throughout the nights of 16-17 and 18-19 November at Yuma were found

to be smaller in magnitude than the vertical motions of the cloud

points over short periods. The 24, 12, and 8 hour period tides were

computed for the 16-19 November 1966 Yuma data. Tidal winds and the

irregular horizontal residual winds are reported. The rms irregular

w~nds computed by a day-to-day difference method are also presented.

Structure functions of the horizontal Irregular winds exhibit a 2/3

power law with respect to both time variation and horizontal displace-

ment. However, the vertical structure function of the horizontal

irregular winds is found to follow a power law with an exponent value

of 1.4. Some suggestions for further study are given.

(Distribution Limitation Statement No. 1)
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SECTION I

INTRODUCTION

Atmospheric winds have been studied for several years by the use of

high altitude gun-launched ballistic probes fired from a 16-inch gun at

Barbados and, more recently, Yuma. These experiments have been conducted

by the U. S. Army Ballistics Research Laboratories, Aberdeen Proving

Ground, Maryland, under the direction of Dr. Charles H. Murphy, and by

the Space Research Institute of McGill University, Canada, under the

direction of Dr. G. V. Bull.

The winds are determined by photographic tracking of chemical

trails released by the projectiles during the upper portion of their

trajectories. The payload chemical is usually trimethyl aluinum (TMA),

which produces a chemiluminescent glow above about 85 km. The glowing

chemicel trails are distorted by the winds and photographed from ground-

based camera sites.

Computer techniques are employed to reduce readings made from the

film to obtain profiles of winds versus altitude. Star backgrounds,

usually photographed simultaneously with the chemical cloud picture, are

used to compute camera azimuths and elevations. Standard programs for

computing winds are employed to obtain horizontal winds from smooth

trail releases or horizontal and vertical winds from releases which have

identifiable features which can be separately tracked.

The purpose of this report is to analyze the irregular horizontal

and vertical winds obtained from some of the releases from Vuma (shots

Y14 through Y20, in particular) and from Barbados. Dr. N. W. Rosenberg,

of the Air Force Cambridge Research Laboratories, has also consented to

the use of some of the wind data obtained from Eglin Air Force Base

releases corducted under Air Force studies with Georgia It titute of

Technology. Analysis of some of these data is also presented here.

Wind profiles of the Yuma and Barbados data have been tabulated and

reported in previous SIR Technical Reports (1-7) prepared under BRL

Contract 169 (Army Contract DA-OI-009-MAC-169(X)).
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Initially, the purpose of this pilot study was to investigate

vertical motions. It was decided tc study the series of Yuma releases

of 16-19 November 1966 because this sequence appeared to provide the

best available combination of releases with: (I) separation times

approaching internal atmospheric gravity waves periods through one

night, (2) trails of iong horizontal extent, or at altitudes at which

one would expect turbulent break-up of the trail, (3) releases at

comparable times on successive days, and (4) some releases w:th up and

down legs. It had been hoped that once the vertical motions had been

determined it would be possible to separate the ambient vertical motions

from the vertical motions induced by the buoyancy of the trail itself.

It was hoped also that some investigation couid be made latir regarding

the implications for the analysis of horizontal winds which is generally

based on the contrary and despite the gravity wave prediction of sub-

stantial vertical components in a part of the wave spectrum. An added

reason for this choice of shots was the fact that the horizontal winds

had already been analyzed for these particular trails (Ref. 6).

However, during the course of the investigation emphasis was

shifted to a study of the irregular horizontal wines because the trails

did not show the identifiable structure which was to have provided a

key feature of the analysis. Therefore, despite the recent development

of a single-station analysis technique, not as much could be done with

vertical motions as had been hoped originally.
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SECTION It

DATA ACQUISITION

Data acquisition techniques arid equipment are essentially the

same at Barbados and Yuma ranges. Chemical trails (usually trimethyl

aluminum--TMA) are released from projectiles fired nearly vertically

from the gunsite. The Barbados gun is located at 59.4o west longitude,

13.00 north latitude. The Yuma gun is located at 114.30 west longi-

tude, 32.9 no ch latitude. Usually, the chemical is released on

tUie up leg of the trajectory of the projectile. However, in some

cases it is released on the down leg or on both up and down legs.

The luminous chemical trails are readily visible from ground level.

Their glows are caused by a chemiluminescent process above about 85 km

at night or by a combination of chemiluminescence, scattered sunlight,

and resonance radiation at twillght. Upper atmospheric winds quickly

distort the trail from its initial shape. These winds also produce

irregular structure on most of the trails, particulariy below about

105 km. The trails continue to move with the winds and to diffuse until

they fade from view. Typical cloud lifetimes are from 5 to 20 minutes.

Usable wind data can be obtained over most of the cloud lifetime by

observing successive trail positions by photographic triangulation from

ground-based observing sites.

Space Instruments Research (SIR) operates several observing sites

at typical distances of 100 to 300 km from the gunsite. Equipment at
each site consists of a camera unit containing two 7-inch focal length

cameras. The camera unit is mounted or, a concrete pedestal and is

operated by an electronic control unit that pwograms exposures of 3, 6,

and 12 seconds duration every 30 seconds. Coded time, shot number,

and site informztion are recorded on each frame of film. Each camera

unit is powered by an accurately regulated power supply so that pictures

can be taken simultaneously at each site. Figure I shows some sample

photographs of chemical trails. Figures 2 and 3 show the site layouts

at Yuma and Barbados and also show typical release locations.
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Photographs taken 132 seconds after-firing:

YUMA BLYTHE GILA BEND

This set of pictures shows trail just as the vehicle stopped releasing

chemical. Numbers indicate altitude in kilometers.

Photographs taken 202 seconds after firing:

YUiIA BLYTHE GILA BEND

Figure 1. Photographs of Shot Y26

--.1. --
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Figure 2. Location of SIR Photographic Stations, HARP, Yuma
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Figure 3 Location of SIR Photographic Station, H.A.R.P., Barbados

Two stations are located on each of the four Islands, as shown. While only
one station on each of any two Islands is sufficient for determination of
winds by triangulation, several st',Ir's were found necessary because of
prevalent cloud conditions in the area. Accuracy of the data reduction is

also Increased by use of films from ore than two Islands.
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SECTION III

DATA REDUCTION

The reduction of the film data to obtain winds requires several

steps. A preliminary step that is necessary for each new set of

observing sites is to take accurate site locations and compute various

transformation coefficients for the coordinate systems used in the wind

reduction calculations. It is also necessary to compute accurate focal

lengths for each camera to be used in the data reduction. Camera focal

lengths are calculated by a program that employs measurements of the

locations of pairs of star images on the film. Star Images on the film

are also used in a program that computes the camera azimuth and eleva-

tion for each rig setting used during the run. In order to minimize

the time-consuming star-reading work, the camera rigs are moved as few

times as possible during a single operation.

After these preliminary stages have been performed, there are two

basic types of techniques for computing positions of the trails. The

point-position technique can be used on trails or portions of trails

that have features that can be uniquely Identified from two or more

observing sites at two or more different times: The trail-position

technique is used on trails or portions of trails that are smooth, with

no distinguishable features at all, or none that can be uniquely iden-

tifled from more than one site. The point-position technique yields

height and horizontal coordinates of arbitrarily chosen altitudes on

the trail. Hence, only horizontal winds can be computed from the

trail-position data.

The point-position program thus yields a set of data xi, yi, z, at

each of several times t for specific identified features on t' :hemi-

cal cloud. The trail position program yields a set of data xI, ,; 9t

each of several times t. for arbitrary pre-selected altitude point!. Un

the trail (usuAlly the Integer kilometer altitude points). Horizontal

winds are computed similarly for the poinc data and for the trail data.

if a linear function is fit to the set of data points,



x =x 0+ V t0 x (I)
y YO + V tY

then the computed constant coefficients V and V are the constantx y

components of the horizontal winds. These are called the straight-

line winds, if it is necessary to distinguish them from time varying

winds determined by fitting parabolic function to the set of data

2x -x 0 +~ txot t0 + 2 0(2)

Y YO + Vyot + a yt 2

The so called parabolic winds, given by
., Vx+a

Vx xU x

(3)
Vy V 0 + ayt

vary linearly over the lifetime of the cloud. Ordinarily, only straight-

line winds are computed. However, in order to study Irregular winds

and wind variations, some results of parabolic winds computations are

reported here.

Vertical winds are computed from point position data in the manner

of equation (1)

z -z 0 + Vzt (4)

where V is the vertical wind.
z

Both the point-position and trail-position techniques have been

used regularly for determining horizontal winds (and vertical winds in

the case of the point-position technique). Recently a new wind-

computing technique has been developed called the single-site technique.

This procedure requires that the location of a cloud feature be known

at some initial time and that the feature can be tracked from time to

time from a single observing site. But the single-site technique

relaxes the requirement of the point-position technique that a feature

must be uniquely identifiable from two or more sites at each time. The

single-site technique determines the wind by calculating the linear,

constant-velocity motion in space which (starting from the known initial

8



position) would most nearly reproduce the observed film positions at

the observation times. A more detailed explanation of the single-site

technique is given in Appendix A. In principle, the single-site tech-

nique can be used to compute vertical winds as well as horizontal

winds, although its ability to do so accurately had yet to be Investi-

gated prior to this study. In view of the great Interest in vertical

winds in connection with this study, it was decided that a trial study

would be done to determine the efficiency with which the single-site

technique could be used to compute vertical winds. Potentially, this

technique with its less strenuous requirements on the input data might

yield more vertical wind Information than the standard point-position

data.

9L



SECTION IV

RESULTS

Since most of this report deals with data obtained from the series

fired on the nights of 16 through 19 November 1966 from Yuma, a table

summarizing firing times and altitudes covered by the various shots is

given In Table I. The shots will be referred to in this report by the

trail number designation given in the left hand column of Table I. In

addition, some detailed data from shot B31, fired from Barbados on 17

November 1965 at 18:15 AST, will also be discussed, as will some data

from the Air Force release code named Sara, fired on 17 May 1963 at

19:06 CST from Eglin AFB, Florida.

I. VERTICAL WINDS

a. Point-Position Results. Figure 4 shows the results of point-

position values of altitude versus time on several points

observed on trail Y17. As can be seen from inspection of this

figure, there is a consistent trend in the vertical motion of

the points. Figure 5 shows the computed vertical winds and

probable errors. The dashed .urve through these data is a sub-

jective estimate of the vertical wind profile variation with

altitude for this trail. The vertical winds and probable errors

for shot Y17 and others are given in tabular form in Table II.

These tables show that the vertical winds observed for shot Y17

were of generally larger amplitude. The Y17 data also exhibit

the most significant consistency of variation of vertical wind

with altitude. All of the data in Table II were computed by the

straight-line-fit process to position data determined by the

point-position results. The probable errors are the computed

probable errors in the slope of the line fit to the data.

b. Single-Site Results. It is quite difficult to obtain vertical

winds by the point position method, but until now this was the

only available method which could be used. The primary diffi-

culty in the application of the point position method is that it

10



TABLE I

TABLE OF TRAIL INFORMATION
FROM YUMA, NOVEMBER 1966 SERIES

Trail

No. Shot No. Date Time (MST) Altitudes (km)

YIO 0017 16 November 1966 18:41:24 92-112

YI 0018 16 November 1966 20:41:52 90-119

Y12 0019 16 November 1966 22:32:07 90-112

Y13 0020 17 November 1966 00:16:13 96-120

YI4 0022 18 November 1966 18:18:47 88-120

Y!5 0023 18 November 1966 20:12:21 85-127

Y16 0024 18 November 1966 21:49:42 89-139

Y17 0025 18 November 1966 23:43:09 89-138

Y18 0026 19 November 1966 01:01:22 91-144

YI9 0027 19 November 1966 02:35:35 88-120

Y20 0028 19 November 1966 04:52:53 9Z-167

Y21 0030 19 November 1966 19:45:00 93-142

Y22 0031 19 November 1966 21:21:29 91-111

Y23 0032 19 November 1966 22:37:53 90-111

Y24 0033 19 November 1966 23:59:14 91-147

I1
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TABLE 11

VERTICAL WINDS COMPUTED BY THE POINT-
POSITION METHOD. ALTITUDES GIVEN ARE THE

HEAN ALTITUDES OR THE INTERVAL OF OBSERVAT;ON

Shot Y15 Shot Y17
eTht-- Vertical Wind Height Vertical Wind

I ) (m/ec)r (kin) I (m/sec)

95.1 -1.0 ±0.5 97.5 -0.1 t0.2
100.5 I.I ±1.5 101.9 1.5 ±0.7
102.7 0,5 0.3 102.4 -0.6 ±0.8
104.9 -0.5 0.3 103.1 1.4 ±i.2
110.1 1.5 ±0.8 104.1 9.1 ±!.9,
121.0 14.6 ±0.4 104.8 10.3 ±1.1

106.5 8.2 ±0.8
107.3 21.3 ±1.7

Shot Y16 111.3 33.8 ±2.3
eight Vertical Wind 115.6 32.4 ±4.6
(km) (m/sec) 117.2 -8.1 ±o.4

92.0 7.2 10o3
100.0 1.2 ±0.6 Shot B31
102.8 -1.0 ±I.1 Height Vertical Wind
104.6 -1.0 ±0.2 (kin) (m/sec)
112.2 24.7 ±0.9
128.1 3.3 1.9 93.8 6.9 ±1.4

139.1 -5.2 13.3 95.6 -8.5 ±1.2
96.0 -1.0 t2.0
99.4 6.5 ±0.9

Shot Y19 99.4 5.8 ±0.7

reight Vertical Wind 102.2 6.5 ti.1
(km). (m/sec) 104.6 0.8 ±1.7

110.9 10.1 i.6
86.7 -17.8 ±2.7 111.5 -10.3 t2.5
94.3 - 0.0 ±7.1 117.7 31.3 t2.0

98.9 16.3 ±2.2
117.5 16.1 12.4

Table II - continued

14



TABLE 11
(Concluded)

Shot Sara
Height Vertical Wind

(kin) (m/sec)

85.9 1.5 t3.0
91.3 -1.2 ±o.6
95.6 -0.1 0.3
99.5 0.1 to.6
101.0 1.5 ±0.6
102.2 1.4 ±2.7
104.9 4.7 ±O.6
105.0 0.9 ±O.3
105.1 10.6 ±0.4
108.6 1.8 ±O.2
109.i -0.9 ±0.2
114.8 3.2 ±0.4
119.9 -1.9 ±O.3
134.0 25.0 ±9.7

15



requires that a cloud feature be identified not only on several

successive frames of film from a site but also be simultaneously

identified at the corresponding times on the film from another

site. hus, this method cannot be employed on smooth, feature-

less sections of trails. Frequently, however, in the turbulent

region below about 105 km, although a feature can be tracked

from frame to frame on the film from a site, the cloud Is so

Irregular in appearance that the location of the same feature

on the film from another site is impossible. Hence, it was

thought that the new single-site technique, mentioned in Section

III, might prove useful as a tool for the measurement of vertical

winds.

In order to determine the accuracy of the single-site tech-

nique, it was used on some of the cloud film data that were also

used In the calculations of the Sara vertical winds by the point-

position method. These results indicate that a feature must be

seen for at least seven times from a single site in order for

reasonably accurate results to be obtained by the single-site

method. The computed vertical winds from points observed seven

or more times were compared to the vertical winds previously com-

puted by the point-position method. The rms deviation between

the two results was over 6 m/sec, whereas the point position

vertical winds had computed probable errors of less than 3 m/sec,

rms. More than 70 percent of the point-position vertical winds

had computed probable errors of less than I m/sec while only

28 percent of the single-site results differed from the point

position results by less than I m/sec. It appears, therefore,

that the single-site technique will not produce sufficiently

reliable results that it can be widely used for vertical wind

computations. However, in those cases when cloud points can be

tracked for many times from a single site but the corresponding

points cannot be identified from another site, the single-site

technique does offer a reabonably accurate method of determining

vertical winds.

16



c. Vertical Propagation of Winds. To investigate possible Inter-

actions of the vertical winds and the horizontal winds, two

possible manners in which vertical winds might beh&ve were

explored. The first question to be Investigated was whether

or not the cloud points as they move up or d,',,i tend to alter

their horizontal motion so as to adjust to the mean wind profile.

Figures 6 and 7 show the profiles of the northward and eastwa;J

components of the mean wind determined from the cloud Sara.

The point-position data were subjected to a least squares

linear fit of the altitude versus time as in equation (4), thus

yielding a constant vertical wind. A parabolic fit to the hori-

zontal point coordinates was calculated by equation (3). Fig-

ures 6 and 7 show arrows representing the variation of the

horizontal wind components of the cloud points as these points

vary In altitude. The tail of each arrow Is located at the

Initial altitude and wind value observed for a particular point,

and the tip of the arrow is located at the final altitude and

wind value for that point. If cloud points moved in a vertical

direction in such a manner as to alter the horizontal velocities

to adjust to the mean w;nd profile, then the arrows in Figures

6 and 7 would lie parallel to or be superimposed on the wind-

profile curves shown in these figures. However, th's behavior

is not observed, and it must be concluded that vertical motion

does not occur in this manner.

It has previously been determined that detectable variations

in the horizontal winds occur over the lifetime of long duration

trails (Rosenberg and Justus (8)). These observed variations

can be described as a vertical shifting of sections of the hori-

zontal wind profile with some modification of the profile occur-

ring with the vertical shift. A second possibility for the

manner in which vertical motions of cloud points take place is

that the cloud points follow the vertical motions of the changing

horizontal winds determined, say, by observing height variations

of the altitude at which constant speed values occur. The trail

17
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Fig. 6. Profile of Northward Mean Winds for Trail Sara, with Velocity
Variations of Several Points Shown as the Arrows.
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position data for the trail centerline coordinates of two trails

(831 and Sara) were subjected to parabolic least squares analysis,

yielding a set of linearly varying horizontal winds at each

altitude on the trails. Figures 8 and 9 show the results

obtained by evaluating the horizontal winds at a sequence of

times (times of evaluation are indicated as the heavy vertical

lines). Figures 8 and 9 show the variation with time of the

altitudes at which constant wind speed values occurred. The

wind speed values are indicated for various curves shown in these

figures. Significant vertical motion of these constant speed

points can be seen in these figures. Also shown In Figures 8 and

9 are the altitude versus time variations determined from point

position tracking of several cloud points. A substantial, though

not complete, correlation is seen to exist between the vertical

motions of the cloud features and the constant speed points on

the horizontal wind profiles.

Another type of vertical propagation of horizontal wind

profiles Is observed by comparing successive wind profiles from

series of releases that occur throughout a single night (Rosen-

berg and Edwards (9), Murphy and Bull (10)). This motion seems

to be almost a factor of ten smaller than the vertical motion

of cloud points, however. Figures 10, I1, and 12 show the

variation with time of constant speed points for the three

series of releases YlO-YI3, Y14-Y20, and Y21-Y24. The average

vertical propagation rate seems to be equal for the speed and

for both northward and eastward velocity components. This value

was found to be -0.48 1 0.05 m/sec for the three series illus-

trated. Extreme values of vertical propagation through the night

were found to be about -3 m/sec. These numbers should be com-

pared with observed vertical motion of cloud points given in

Table II and with the average vertical propagation rate of the

wind profiles over short time intervals of about -I 1 0.4 m/sec

obtained from the data of Figures 8 and 9.
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2. IRREGULAR HORIZONTAL WINDS

a. Evaluation of Tidal Winds. In addition to a large irregular

wind cornp;nent, the winds at chemical release altitudes are com-

posed of regular wi,ids such as diurnal, semidiurnal, and other

tidal coiponents, mean winds, and possibly long-period winds

such as planetary waves. At the present time there is no

method of resolving the winds determined from a single chemical

release into these various components. However, a se, ies of

wind pro!iles determined at a sequence of closely spaced times

can be used to resolve the various wind components. The 15 wind

profiles in the YIO through Y24 series, covering the 16 through

19 November 1966 period, were used in such an analysis. The

sequence of northward and eastward component wind values at a

given altitude were fit by a least squares process with the

K function

V(t) - A0 + A8 sin [2T+ ] + A sin [2rt + 012

A24 sin I.2T.+ 24]

where the time t is measured in hours, A0 is the mean wind, A8 ,

A and A are the amplitudes of the 8 hour, 12 hour, and
12' A24

24 hour period tides, and tB and $12 and 024 are phase angles

for those tidal components. The A's and O's are the parameters

determined by the least squares process. Computed values of the

amplitudes and phases are given in tabular form in Appendix B.

The computed tidal parameters we.re evaluated at each kilo-

meter altitude point and were four to form a smooth profile of

variation with altitude. borne of the results are plotted in the

following graphs. Figure 13 shows the computed mean wind north-

ward and eastward components (the A0 values) versus altitude.

Wavelike variation of the mean winds similar to that previously

observed by Woodrum and Justus (11) is seen in this grdph. The
vertical wavelength of the mean wind variation is about 22 1 1
km. Figure 14 shows plots of the 12 and 8 hour period tidal
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component evaluated at dawn. Figures 15 and 16 show the com-

puted amplitudes of the various tidal components and the speed

of the mean wind. Figure 15 also shows theoretical values of

the diurnal tide computed by Lindzen (12). The agreement is

quite good when allowance is made for the fact that dissipative

action, which is known to occur at these altitudes, was

neglected in the theoretical computations. Because this study

is concerned primarily with the irregular winds, no detailed

analysis of the tidal wind results will be given.

b. Evaluation of the Irregular Horizontal Winds. After the mean

winds and tidal components have been determined from a series

of releases such as the YIO through Y24 sequence, then these

values may be subtracted from the observed winds to yield a

residual wind component. These residual winds can be evaluated

at each altitude for each of the profiles in the sequence. Pro-

files of these residual vIinds for releases Y14 through Y20

(18-19 November 1966) are shown in Figures 17 through 23. Tab-

ulated values are also given in Table 1II. The rms values of

these residual winds obtained from the YlO through Y24 series

are shown in Figure 24. The magnitude and variation of these

residual winds is similar to that of the irregular winds pre-

viously determined by Woodrum and Justus (13). Hence, the

residual winds computed here will be considered to be the true

irregular horizontal wind components. However, it should 6e

noted that a least squares determination of seven parameters

(the A's and *'s in equation (5))from at most 15 data points

(the sequence of wind values from YlO through Y24 at a given

altitude) is subject to the possibility of considerable error,

especially when the irregular component has so large an ampli-

tude compared to the regular tidal wind amplitudes. The same

tidal calculations and evaluation of residual winds was done on

the sequence of releases 831 through B42 (17-23 November 1965).

It is encouraging to note that te rms residual winds obtained

from this series, and shown in Fi3u 25, are so similar to

29



C: -

CP\

100

0 -0

30o



r - __________ ________ __

41U

F
~o-O-~0

0 ~
0 00 -J

0* 0
0-

0 0 * * 4)

w 0\0

0 0 0 0
0 0
Z - 41~

0'-
0

41 0

*.1
I)

o E

-~0- 4141

N
0 -

0 -

0
Ct)

0~
2

w 0
0

0 8 e

Z - C
..- '4
0

'0 ~4)041~

U4) -
o

41
E

0
0

0.
0 0

0

2

2 I '0

00 0 0
0

3'



10NS EU

110

90

-40 -30 -20 -10 0 10 20 30 140 So 60 70 80
IRREGULAR WIND, rn/Sec
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TABLE III

IRREGULAR WINDS COMPUTED AS THE RESIDUAL WINDS
AFTER THE SUBTRACTION OF TIDAL COMPONENTS,
FROM THE Y-IO THROUGH Y-24 SERIES

SHOT Y-14 CHOT Y-1,
ALT ITUnF WIND (OMPONFNTS ALTI TUrE wINP C'APnNFPT

NCRTF--SOt'TH FAST-WFST NoQTH-SO1TH FAST-wFST
I/SEC) (IA/SECI (KM) I M/ ECi V/SIrC I

9 Cf.. -7.8 yr 1-A ( r c
91 1006 -o.s QI -4.7 14,1
92 -i7.7 -1.6 92 1.2 14.n

91-46P*7 913 9 6-,f94 -21.3 -11.1 94 9.1 n.1
95 -20.4 -34.3 95 17.7
9h -1,1 -36.8 96 16.9
97 -4.6 -34.0 97 14.2 1.1
98 15.6 -39.3 98 -15.5 1 .1
99 36.6 -36,7 99 -19,7 75,4

1'o0 45.3 -24.8 IO -11s2 2,
1'140.3 -13.4 101 -48.A

192 2S.6 -4.8 102 -6).2 -o,1
I r, .2 0.4 103 -66.r 44*°
1-0o -3.9 10' -54.2 -1 .*
10n 8.1 -1p.0 105 -S.4 7 .7
106 19.0 -35.6 106 1191 1 Q.
107 36.2 -35.5 107 28.0 -4,e
108 56.1 -22.7 108 41.9 co .q
109 62.1 -3.1 109 45,r 70.e
110 72.1 1498 ll 45,2 72,
II 71.5 25.0 ill 41.1 A .
112 62.9 51.2 112 31.7 r,.,
113 32. r 5096 i1 2,, ) 07.5
1 14 22.21 5 8 . 114 17.1 PC, . I
11 14.5 62.7 115 .3 7A.7
11 11.5 68,C 116 -5.9 74.4
117 4.4 71.8 117 -17e2 71,n
119 0,6 77.7 118 -2 .4 4 ,.
119 -1.2 71,2 119 -31.4 1,7
120 2.0 63.1 12C -23.8 39.3
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TABLZ III Continued

SHOT Y-16 SHOT Y-17
ALTITUDE WIND COMPONENTS ALTI TUDF WINr )VM N L.TC

NORTH-SOUTH EAST-WEST NOPTH-S0',TH FAiT-.'F T
(KM) fMISEC) (MISEC) IKMI (M/5FC) (/

90 -4.6 -20.8 90 8 17,7
91 -10.5 -6.4 91 -n,7 17.0k
92 -14.0 -4.0 92 12Q
93 -1398 -21.5 93 -5.6
94 -12.3 -16.6 94 -6.5
95 -13 8 -12.4 95 -2.3
96 -16.1 -10.3 96 n.8 n.4
97 -15.8 -5.6 97 .4 Il,-
98 -14.2 0.5 98 5,4 44.4
99 -16.6 -28.8 99 -11.2 fQ..

100 -22.4 1397 100 -30*5 44.1
101 -40.0 22o2 101 -47.2 I.
102 -42.3 2.2 102 -48.n -1.4
103 -13.7 7.6 103 -36.0 14.0
104 11.6 20.4 104 -32.1 7f.4
105 20.0 37.7 105 -21.8 '402
106 29.2 57o3 106 -18.9 27.3
107 29.7 76.0 107 -22.2 2C,7

108 16.8 83.2 108 -15.7 2.2
109 -5.0 86.4 109 -1.Q
110 -15.5 68.3 l10 -13.14 2.2
111 -22.8 74.4 11 -6.4
112 -32.4 58.2 112 -13.4 10.7

111 -26.1 60.5 113 -I .5
114 -33.4 51.9 114 -11.5 -
115 -35.8 40.4 115 -11.3 -1).

116 -32.9 36.3 116 -9.6 -16.3
117 -28.2 31.3 117 -1.1 -24.4
118 -23.3 24.7 118 0.5 -28A
119 -13.6 13.8 119 -n., -24.1
120 10.6 -1.6 120 4.4 -Iqo?
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TABLE III Continued

SH0 v-18 SHOT Y-]q
ALTI Tt;nF WIV rr c P FN S ALT I Tt'fF Ij r, r .Irr V T

NOP H-O.TH FAST-wEST N0PT - nTH rH -O-.T I
r

KM )(/S.5 E c'S (KM) vl F¢ r ,

91-6.7 Cq R .

92 -8.7 14.0 91 -2. -
93 -7.3 7,. 92 --.-

96 0.1 6.7 95 -36*7 -.

98 -39 .1 -5.7 97 - 3) 7
99 -3 7.*8 -7.6 98 -2 f)
100 -41.n 1.9 Q 9 - , .

10()1 -51op -6.q 100 - - I,

I1) -20 -11s7 101 '.2

1-3 -Q43 -11.1 102
104 4.2 -14.9 103 ?,.,
I105c 2 1.0n -1. 0 104 17.0n
106 25. 13.3 105 n .0 .1
1(;7 2 7, 27,0 106 -1(.4 -

48 4.5 35.2 107 -II. I
10 7.8 24.1 108 -17.6 .
110 4.A -3.1 105 -21.1 .0

I11 -6.6 -S.2 1i' -2 .
112 -87 -25 Ill -
1 13 -11.6 - 13,*2 112 - m

114 -12. -41.7 113 -27- .
11 -7.2 -38. 114 -. 8 -1 4

116 -2.0 -29,8 115 -2'.A -1'.?
117 ,7 -27,? 116 a

1P8 8.2 -r ' 117 .

119 8.9 .1 118 _ -I

121 4.6 -9.3 119 -1.'

121.r
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TABLE III Concluded

SHOT Y-20
ALTITUnF ,IN) C4PONCrT

NCRTH-SOUTII rA$T-.;EST

IKM) (M/ sC) (M/SEC)

92 -7.1 -10.7

94 -j. -10.7
9 16.3 -13.9

96 1 P 7 -11.6
97 22.k -9,h
9P. 30*4 -8
99 31.5 -I I
130 35.6 -10.7

101 29.4 -00 1
102 35.3 -3.1
1,)3 20:6 7,?
lot. 1 ~ 1 7.

1 06 -6.2 12 .
107 -1I 0 -216

l8-14.3 -14.?
lg -I 7 -21,a4

1n -2 ..7 -

112 -8.7 4.

113 -2,<- -3
114 0.I -"
115 ?.n %.

116 .
117 2.0 -28,.
flR 3.0 -23.
11'0 ?,3-2 .



I

those determined from the YIO through Y24 series, in spite of

the smaller number of releases In the 831 through 642 set..

However, because of the more restricted size of the data set,

the tides and the individual profiles of residual winds deter-

mined from the B31 through B42 series were not considered

sufficiently reliable to be included in this report.

The rms irregular winds have been evaluated by Woodrum and

Justus (13) by taking the difference in winds between pairs of

wind profiles from the same time of day with separations of

from one to fifteen days. The differencing process eliminates

the effect of such diurnally repeating winds as a steady mean

wind, and the 24, 12, and 8 hour harmonic sequence of tides.

The mean square of the irregular wind, v, is related to the

mean squares of the wind difference from successive days, 6V by

the equation

<v> U~V.>(6)

where the angle brackets denote an average. This same analysis

was applied to several wind profiles obtained at Barbados at

the same time of day and within a few days apart. The data were

divided into 5-km altitude blocks, and the first and third

quartile points of the velocity difference values found in that

altitude range were computed. (The first quartile point is

the value below which 1/4 of all the data lie, and the third

quartile point is the value above which 1/4 of all the data lie.)

The rms irregular wind was then computed from equation (6) by

the mid mean process, which is an average of all data values

falling between the first and third quartile points. These rms

irreguiar winds versus alt;tude are shown in Figure 26. The

first and third quartile points are indicated as the ends of the

bars through the data points. These results are similar to

those obtained by Woodrum and Justus (13) and are in good agree-

ment with the rms irregular winds determined by the least

square tidal analysis.
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c. Structure Function of the Irregular Winds. A function that is

cowring into frequent use in place of the correlation function

is the strucure function. The velocity structure functioi is

defined 3s

D - K<(x) - V(x + j 2> (7)

where V is e velocity component, x may be a spa-ze or time coor-
dinate, and & is a space or time displacement. The angle

brackets in equation (5) denote an average.

The profiles of irregular winds from the YIO through Y.4

series were divided into five pair-groups according to the time

difference between the pairs of profiles. The irregular wind

profile pairs were then differenced and averaged over altitude

to compute the velocity structure function of the time variation

of the irregular winds shown in Figure 27. These structure

function data are observed to follow the power law

D(At) = const. (At) 2 /3  (8)

indicated as the line through the data points in Figure 26.

This 2/3 power law is usually thought to be associated with the

inertial range of a continuous spectrum of turbulent winds. 1he

observation of a 2/3 power law for the irregular winds may,

therefore, indicate that the irre3ular winds have some of the

charaiteristics of such turbulence, at least with respect to

time variation.

Vertical structure functions of the irregular winds were

also computed for each irregular wind profile by taking differen-

ces between values from the profile at altitudes different by

the displaceme nt amount and averaging over the profile. The

average of the vertical structure function obtained from the

irregular wind profiles from the YIO through Y24 series is shown

in Figure 28, This figure shows that the vertical structure

function follows a power law given by

D(6z) const. (az)4 (9)
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Over smafl vcrt iai displacement Az. The coinputed probabIc

error in the expondnet of this power law variation is 0.1. The

flattening off .f the vertical structure function at large

vertical displacements indicates a vertical sc:t fo,- the irreg-

ular winds of about 10 km.

The horizrontal structure function of the irregular winds

can be estimated by taking differences in hor izontal winds

determined from up and down leg .ails. The horizontal sepaa-

tion of the trails provides the h.,rizontal displacement in the

structure function co,,put-tion. Several su.:h structure function

values have been calculated from up and down trails from Barba-

dos and Yuma. These are plotted in Figu-e 29 together with

some similar data obtained from Eglin releases (Justus (14)).

Since the characteristic velocity of the irregular winds is 40

to 50 m/sec as seer, from Figure 24, and since the tnme structure

function indicates a characteristic time of several hundred

minutes, then the horizontal scale (z charazteristic velocity

times characteristic time) must be of the order of 1000 km.

Therefore, the horizontal structure function must approach the

large X shown at the upper right of Figure 29. The line through

the data points represents a horizontal structure function vari-

ation according to the power law

D(Ax) = const. (Ax) 2/3 (10)

and is seen Lo be in reasonable agreement with the observed data.

it should be noted that eacn data point was computed from

a single up and down trail pair and the points were plotte

versus mean separation. No attempt was made to restrict the

data to a common altitude range or to subdivide the up and down

trail data according to intervals or horizontal separation. As

more up and down trail releases are made, it is expected that

sufficient data will become available to make these more sophis-

ticated analyses.
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SECTION V

SUGGESTIONS FOR FURTHER STUDY

1. The determination of vertical winds oy the chemical release te-'i-

nique requires cloud features that can be identified and tracked.

The best technique for obtaining large amounts of clearly defined

cloud structure suitable for vertical winds analysis is to release

cesium at twilight and to photograph it with infrared film, which

is sensitive to the infrared resonance line of the cesium vapor.

Cesium nitrate can be released in trail form similar to the ,,ore

wdcly used sodium trails. In the past cesium releases (usually

in the form of a single-point release) have been employed primarily

for communication studies and other projects that require high

electron yields of an ionizable payload mater;al. Even from these

less-than-ideal release forms, many vertical winds have been

obtained (Edwards, et al (15)). Much more would be learned about

vertical winds, irregular winds, and turbulence if cesium trail

releases were used in a project designed primarily to obtain wind

information.

2. Because this effort was a pilot study, only an incomplete analysis

could be made of some of the results presented here. Additional

information aL,.juL the tides and irregular winds could undoubtedly

be obtained from a more thorough analysis of existing chemical

release data, including that which was presented here in initial

form.

3. Three particular types of release programs were found quite fruitful

in the study of irregular winds, and more of these kinds of releases

are desirable. These are (1) sequences of many releases throughout

the night for several successive nights; (2) releases with up and

dowr Lraili. for the study of horizontal wind diffcrences; and (3)

releases made at the same time of day on successive days. Since

on the basis of the present study it is felt that at least 12

releases spread over two or three nights would be required for

52



least squarcb harnonic analysis tu determine tides ard residual

irregular winds, perhaps more emphasis should be placed on the up

and down and day-to-day difference type of releases than has been

done in the past. Because these releases cen be of value even when

I they occur one at a time with irregud . aLing in Lime, these

types of releases would bc more economicjl than the long sequence

of closely time space,' -eleases. However, as this p;lot study has

shown, the best and most definitive results can be obtained from

the long sequence of releases.
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APPENDIX A

!HE SINGLE-SITE TECH4NIQUE

The b'.)Ie-2Ite technique presumes that a cloud point can be

tU.cked for sevvral timas from a single observing site and thiIt tle

initial position of the poini, is known by some means. Figure A-I

ili.strates the gometrv of the single-site technique. The cloud

po~nt, assumed to move linearly wiLh constant velocity, would be located

!n space at a sequence of positions labelled S through S at a sequence

oi equally spaced times t tnrough t5 . The image of the cloud point

wouid be located at a sequence of film positions labelled F1 through

Fl. The orientation of the line along which the cloud image points

move on the film (measured by the angle a) can be used to determine

tl- piaoe ri ri.h the various lines of sight lie (the 05155 plane).

The spacing versus time of the film points FI through F5 can be used

to copvLC the angle i wh;c;-, uniquely plo._c .he tinc 51S in sp t-,

since the position SI is assumed known. The orientation of the line

S S gives the wind direction, and the distance between the S, through
1 5

S5 points versus time gives the wind speed.

I
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p Observed at Five Tims.
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APPENDIX B

AMPLITUDES (AS) AND PHASES (4'S) COMPUTED FOR THE
24, 12, AND 8 HOUR PERIOD TIDES ACCORDING TO EQUATION (5).

-AMPLITUDES ARE IN M/SEC AND PHASE ANGLES IN DEGREES.

TABLE B-I

AMPLITUDES AND PHASES OF THE 8-HOUR TIDAL COMPONENT

N-S E -W I
Altitude Amplitude N-S Phase Amplitude E-W Phase

90 3.89 60.80 6.71 294.66
91 10.69 100.78 5.39 31.33

92 12.26 78.23 12.24 38.37
93 8.73 108.02 10.57 69.51

94 9.22 130.60 4.73 103.45
95 11.11 137.55 5.60 181.02
96 10.90 146.60 6.64 173.95
97 12.73 147.18 8.39 171.77
98 18.78 149.61 12.17 186.13
99 18.18 136.11 9.46 197.86
100 14.57 133.33 15.85 196.49

101 9.91 149.04 12.89 189.83
102 9 40 163.30 11.85 189.22
103 3.55 220.43 11.04 194.16
104 7.22 338.05 12.09 209.74
105 15.13 356.21 12.34 236.57
106 21.62 6.11 15.66 278.08
107 19.87 7.5' 21.21 61.26
108 18.05 2'.45 24.02 30In48

109 14.29 29.79 18.20 237.79
110 12.17 43.67 23.31 331.57
1l 1135 58.69 30.05 345,55
112 8.71 87.37 27.41 358.33
113 10.09 72.10 42.07 5.18
114 9.02 93.81 36.50 11.22
115 9.10 123.34 33.73 16.72
1:6 10.11 136.20 33.33 22.02
117 10.21 150.67 34.62 27.16
118 19.98 185.17 33.30 36.70
119 13.51 169.77 29.44 40.45
120 10.94 165.71 26.81 46.36
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TAE3LL B-11I

AMPLITUDES AND PHASES OF THE 12-HOUR TIDAL COMPONEN4T

N-S E-W
Altitude Amplitude N-S Phase Amplitude L-W Phase

90 16.09 96.06 6.55 82.98
91 17.314 106.76 11.12 86.91
92 20.39 97.89 19.76 80.68
93 16.28 117.04 27.74 98.92
914 10.27 138.55 26.59 108.64
95 6.69 183.46 21.44 120.87
96 7.71 223.42 16-76 129.67
97 7.96 210.88 114.914 137.98
98 9.12 192.67 13.38 163.05
99 7.47 159.62 9.92 192.22
100 3.57 197.93 13.33 201.56
101 4.95 255.96 11.25 210.44
102 7.35 255.02 11.99 2314.85
103 10.00 286.26 15.60 255.52
104 14.15 313.28 21.97 265.56
105 21.51 320.09 27.79 274.54
106 22.51 33L,60 29.96 285.29
107 17.14 355.99 29.25 295.51
108 16.20 39.49 25.5-2 302.20

109 18.33 67.21 22.97 319.24
110 21.39 84.64 19.t)9 337.149
111 23.93 92.87 21.70 359.147
112 25.56 106.59 20.31 32.12
113 20.99 95.19 28.142 35.98
114 20.74 103.10 28.79 46.83
115 18.70 112.31 31.05 57.90
116 18.69 116.70 33;90 63.74
117 17.53 122.42 37.90 68.65
118 16.62 129.63 42.25 75.47
119 15.20 135.80 41.66 79.77
120 14.36 133.03 40.72 814.o8

58



TABLE B-I11

AMPLI rUDLS AND PhASLS OF THE 24-HOOR TIPAL CC'WPi-' N[

N-S I I

Altitude Awpl iLucie N S Phase Amplitude L-W Phase

go 27.86 25.74 26.00 0.33

91 21.58 51.96 27.54 357.09 __

92 21.98 144.07 21.05 10.40
93 26.63 165.65 19.64 32.31
94 34.21 184.53 17.42 60.79
95 42.72 198.56 22.42 112.56
96 48.33 204.44 35.72 126.81

97 50.24 212.24 38.58 137.84

98 52.82 225.54 44.08 164.61

99 45.02 235.04 53.07 194.40

100 36.79 254.23 67.09 202.25
101 20.81 282.77 76.22 213.71

102 13.72 314.41 83.03 226.17

103 23.15 340.31 87.79 238.94

IO4 30.44 345.74 92.22 250.62

105 24.22 2.37 96.20 266.30

106 28.02 8.62 102.32 278.03
107 35.77 8.20 112.73 287.18

108 41.82 25.34 117.92 291.91

l09 48.94 44.34 116.6'4 296.92

110 55-92 53.58 93.60 308.06
111 57.01 59.07 91.19 316.73

112 59.43 C7.23 77.14 333.27
113 53.34 80.0t 67.17 353,25

114 8.L3 80 57.89 34.34

115 54.70 90.73 48.27 351.18

16 54.76 92.72 42.30 351.16

117 48.08 95.01 35.31 358.70

118 41.86 98.52 29.00 0.40

119 34.70 102.31 18.65 13.96

120 !8.31 91,8 17.88 76.74

59



REFERENCES

L Fuller, R. N.; Uppe r Atmosphere Winds from Gun Launched Vertical
Probes (Barbados, Jul- 1964-August 1965), Report No. 1, BRL Contract

169, November 19t5.

2. Fuller, R. N.; Upper Atmosphere Winds from Gun Launched Vertical
Probes (Barbados 20-23 September 1965), Report No. 2, BRL Contract
169, February l9f6.

3. Fuller, F. N.; Upper Atmosphere 'Jinds from Gun Launched Vertical
Probes (Barbados, 16-23 November 1965), Report No. 3, BRL Contract
I69, August 1966.

4. Fuller, P. N.; Upper Atmosphere Winds from Gun Launched Vertical
Probes (Yuma, 13-15 June 1966), Report No. 4, BRL Contract 169,D -cemb 1 966.

5. Fuller, R. N.; Up?_p_e~r Atmosphere Winds from Gun Launched Vertical
Probes (Barbados '7-25 February 19666, Report No. 5, BRL Con-ract
/Z9, January 19G7.

6. Anthony, M.; Epler, W.; Upper Atmo .phere Winds from Gun Launched
Vertical Probes (Yuma, 16-19 Novem 3er 1966), Report No. 6,BRL

Contract 169, June 1967.

7. '.-ithony, M.; Epler, W.; Upper Atmosphere Wirds f-rom Gun Launched

Vertical Probes (Yuma, 26-27 October 1966), Report No. 7, BRL

Contract 169, August 1967.

8. Rosenberg, N.W.; Justus, C.G.; "Space and Time Correlations of
Ionospheric Winds," Radio Science, Vol. I, 149, 1966.

9. Rosenberg, N.W.; Edwards, H.D.; "Observations of Ionospheric Wind
Patternis through the Night," J. Geophys. Res. 69, 2819, 1964.

10. Murphy, C.H.; Bull, G.V.; "lcnospheric Winds over Yuma, Arizona,
Measured by Gun Launched Projectiles," Paper No. 68-33, AIAA
Conference, New York, January 1968.

I. Woodrum, Arthur; Justus, C.G.; "Atmospheric Tides in the Height
Region 30 to 120 Kilometers," J. Geophys. Res. 73, 467, 1968.

12. Lindzen, R.S.; "Thermally Driven Diurnal Tide in the Atmosphere,"
Quart. J. Roy. Meteorol. Soc. 93, 18, 1967.

13. Woodrum, Arthur,; Justus, C.G.; "A Measurement of the Irregular
Winds in the Altitude Region Near 100 km," J. Geophys. Res. 73,
1968.

14. JLstus, C.G.; "Some Observations of Turbulence in the 80 to 110 km
Region of the Upper Atmosphere," AMS Meteorol. Monographs 31, 122,
1968

60



15. Edwards, H.D., et a!.- 'Upper Atmosphere Wind Measurement Deter-
mined from Twelve Rocket Experiments," J. Geophys. Res. 68, 3021,
1963.

BIBLIOGRAPHY

Bedinger, J. F., Compendium of Wind Data from the Vapor Trail Technique,
G.C.A. Report 66-7-N, NASA Contract NASw-1083, Marcl- 1966.

Edwards, H.D., C. G. Justus, D.C. Kurts, "Ev ning Twilgith Winds from,
68 to 140 Kilometers for May 21, 1963," J. Geophys. Res.- 68, 6062,
1963.

Hines, C.O., "'Diurnal Tide in t'.e Upper Atmosphere,' J. Geophys. Res.
71, 1953, 1966.

Hines, C.0., "Ilnternal, Atmospheric Gravity Waves at Ionospheric Heights,''
Canadian J. Phvs., 38, p. 1441, 1960.

Justus, C.G. and H-. D. Edwards, Tables of Observed Winds in the 70-170km

Region of the Upper Atmosphere, Georgia Institute of Technology,

July 1965.

Murphy, C.H. G. V. Bull, H. D. Edwards, "Ionospheric Winds Measured by
Gun-Launched Projectiles," J. Geophys. Res. 71, 4535, 1966.

Murphy, C. H., G. V. Bull, J. W. Wright, "Motions of an Electron-ion
Cloud Released at 100 km from a Gun-Launched Projectile," J. Geophys.
Res. 72, 3511, 1967.

Murphy, C.H., G. V. Bull; ''Nighttime Variation of Ionospheric Winds
over Barbados, W.I.," J. Geophys. Res. 72, 4831, 1967.

Roper, R. G., "The Semidiurnal Tide in the Luwer Thermosphere," J.
Geophys. Res. 71, 574.6, 1966.

Rosenberg, N.W., H. 0. Edwards, J. W. Wright, "Ionospheric Winds:
Motions into Night and Sporadic E Correlations," Space Research 4,
171, 1964.

61



ORIGNA INGAc i~tY (Crpoate*.tor)20. REPORT SKCUAITY CLASSIFICATION

31Luckie Street, N. W. .GRU

Atana e ogiry 3031

3 VISPORT TITLE 1.TTLN.O AE b O WR

A8 C ONTAT ORUD O F HEIREGLA WID AT .CHE IA RE OR UAUDES

F2 ja601- 1966t-3Cctoer496

. RJCT. ustus6813

C u t s R E O T U A S7 
. O T LN O . NO A E S - m ?1 1 S m t y . e D07.003 (969 30174 ''

6. SPO.9MENO.R NOE A. WONS-TR-6LIT9- CT32 T

5itl710B Nl871

I)AStRaC (Dstib.o Lm at otaeet N.OR 1) Arqhrt&r htSss eaado

Tuhi adwaymtht has cleud apoinrove uor dwn theae waud taend ito alteritiri hoi-

moei nt ofScloCdpoit iTebtitudeL vaiations ofteen o.n spe1oit)hruhu

thanlt the veertclntion of t coud pheintegovr horota perid hetica12,wand8
ousrve perom tidemwere cloutsraed rth 16-19 November 1966 f Yuma, at.ia win

Badtheirgar Thovrinal reidda swid are rertd.aTh mso iregua woccin

compted byio ao da-tods diffrene methowd rflso prseted.astroucturower ntonao

the horizontal widregularwns tnehibto can2g era with re nsct a ta bthte
artitidson ansriznta sedwopldsift u Hordwnasmiaanrt the verticalstuuefncinf

the nihital irregul7ard 1inds isebrtYawr found to folo ampower law wihangxpntude
ofa 1.4. Soetsuggestions ofo fther stoudy arent iven.hr eid.Th 42n

hour ~ ~ ~~~ELAI pe o tides were. copue for the 16-19 Noebr16 uaSaa ia id

andLT thpreua oi orn resiual wind. UareSS reotd. Ter reguaDid

compute by a ay-to-ay diffrence ethod re als prsntd Stru cuefntion so



UNCLASSIFIED
3euity C:lassification____ ____ _______

i4. LINK A LINK 8 LINK C

fIOLI f WT ROLE WY f(L[ WT

Irregular horizontal winds I
Irregular vertical winds
Chemical releases in the ionosphere

m ~ I

UNCLASSIFIED
scewityCtlossineetion


